Aerobic microorganisms that gain energy for growth from the oxidation of Fe(II) to Fe(III) at circumneutral pH face several daunting challenges. First, the energy available from Fe(II) oxidation is low [⌬G°Ј Ϸ 29 kJ mol of iron Ϫ1 for the reaction Fe(II) ϩ 0.25O 2 ϩ H ϩ 3 Fe(III) ϩ 0.5H 2 O (7)]. Also, the half-life of Fe(II) in natural circumneutral freshwaters is approximately 2 to 10 min (depending on the pH) under air-saturated conditions (31) , whereas the shortest reported doubling time for a lithotrophic Fe(II) oxidizer is about 8 h (10). These kinetic parameters limit circumneutral lithotrophic Fe(II) oxidizers to growth in microaerophilic zones at the interface between oxic and anoxic environments because abiotic Fe(II) oxidation rates are lower at lower O 2 concentrations (19, 31) . The competition for Fe(II) in these environments is further enhanced by the fact that iron oxides and the surfaces of the microbes themselves can catalyze abiotic Fe oxidation. As a result, separating these interacting and competing mechanisms to determine the amount of Fe(II) that is actively oxidized (metabolized) by lithotrophic Fe(II) oxidizers is a real challenge.
The fact that organisms are able to successfully compete for Fe(II) is evident because of the abundant growth of lithotrophic Fe(II) oxidizers in oxic-anoxic boundary areas in a wide variety of circumneutral habitats (8, 14) where substantial concentrations of Fe(II) (Ͼ10 M) are available. However, because there have been difficulties in obtaining pure cultures of Fe(II) oxidizers from these environments, relatively little is known about the biology of Fe(II) oxidation at near-neutral pH values. Gallionella ferruginea, first described in the 19th century (6) , is a lithoautotroph that can grow on Fe(II) as an energy source and CO 2 as a carbon source, although mixotrophic growth is possible in the presence of glucose (16) . The physiology of Leptothrix ochracea, perhaps the most commonly recognized Fe(II) oxidizer due to its iron-encrusted sheaths and cell filaments, is even less understood due to a lack of pure cultures. Evidence suggests that this organism can grow in the presence of Fe(II) when there are no other major electron donors (12, 22) . The development of gradient techniques for enrichment of circumneutral Fe(II) oxidizers besides G. ferruginea and L. ochracea has revealed that putatively lithotrophic Fe(II) oxidizers are widespread (14) in a variety of environments, including groundwater springs (10, 11, 14) , freshwater and marine hydrothermal vents (5, 17) , and wetlands (13, 28 ; J. V. Weiss, J. P. Megonigal, D. Emerson, and S. M. Backer, submitted for publication). To date, few detailed studies necessary to describe the biogeochemical significance of these organisms have been conducted.
Recently, lithotrophic Fe(II) oxidizers were enriched from the roots of wetland plants growing at circumneutral pH (13; Weiss et al., submitted). Theoretically, the rhizosphere is an ideal environment for microbial Fe(II) oxidation. Although O 2 diffusing from the atmosphere typically penetrates only several millimeters into the wetland soil surface, the oxic-anoxic interface in wetlands is extended by plant roots that leak oxygen via a process known as radial oxygen loss (1, 3) . In wetland porewater containing dissolved Fe(II), radial oxygen loss promotes the formation of iron plaque on the roots (21) . Due to the speed of Fe(II) oxidation in circumneutral environments, it has been presumed that most Fe plaque formation is due to abiotic Fe(II) oxidation. However, the presence of substantial numbers of Fe(II) oxidizers in the rhizosphere (ϳ1 to 6% of the total microbial community [Weiss et al., submitted]) and the microaerophilic nature of the rhizosphere suggest that microbial Fe(II) oxidation may be significant. This study was designed to determine the potential role of microbial Fe(II) oxidation by using laboratory batch cultures of an organism enriched from the roots of a circumneutral wetland plant. A second objective was to identify abiotic variables that affect microbial Fe(II) oxidation. Although the batch system used could not replicate the inherent complexity of the rhizosphere, it did allow precise manipulation of important abiotic variables (e.g., pH, O 2 , and temperature) that influence Fe(II) oxidation in all environments.
MATERIALS AND METHODS
Bacterial strains. All experiments described below in detail were conducted with a neutrophilic, lithotrophic, Fe(II)-oxidizing bacterium (strain BrT) isolated from the roots of Typha latifolia (broad-leaved cattail) growing in a constructed wetland on the Chesapeake Bay in Maryland. Gradient tubes with opposing gradients of O 2 and Fe(II) (as FeS) were used for the initial enrichment, for isolation, and for the subsequent maintenance of the culture (10; Weiss et al., submitted). Strain BrT is similar to strain CCJ, a neutrophilic Fe(II) oxidizer isolated from the roots of the soft rush, Juncus effusus (13); neither strain grows on heterotrophic medium, reduced sulfur compounds, Mn(II), H 2 , or formate (all electron donors), nor can these strains use NO 3 Ϫ as an electron acceptor (13; J. V. Weiss, unpublished data). Strain BrT grows at circumneutral pH values (pH ϳ5.8 to 7.0) and at temperatures ranging from 18 to 37°C (Weiss, unpublished data). Analysis of the 16S small-subunit rRNA gene indicates that BrT is part of a novel lineage of ␥-proteobacteria in the Xanthomonas group and is closely related to other neutrophilic Fe(II) oxidizers isolated from the wetland-plant rhizosphere (Weiss, unpublished data), groundwater (10) , and marine hydrothermal vents (8) . Details concerning the isolation and descriptions of BrT and other isolates of Fe(II) oxidizers will be published elsewhere. Three other lithotrophic Fe(II) oxidizers (LD-1, a freshwater strain isolated from the rhizosphere [Weiss, unpublished data], and JV-1 and PV-1, marine strains from Loihi Seamount in the Pacific Ocean [9] ) were also used in some of our studies.
Bioreactor configuration. Batch cultures of cells (1.5 liters) were grown in a pair of bioreactors (Applikon, Madison, N.J.) coupled to microprocessor controllers that allowed precise manipulation of pH (Ϯ0.1 pH unit), temperature (Ϯ0.1°C), and dissolved oxygen content (Ϯ0.2% of air saturation). The pH was maintained by automatic additions of 1 N HCl and 500 mM NaHCO 3 , temperature was maintained with a thermal jacket that encircled the bioreactors, and the dissolved oxygen content was controlled by bubbling filter-sterilized N 2 or air through the growth medium. During the experiments, the pH (pH 6.5) and the temperature (27.0°C) were kept constant. The O 2 setpoint was systematically varied between 0 and ϳ5% of air saturation throughout each experiment, and a series of Fe(II) oxidation measurements was made at each O 2 level (see below). In the bioreactors, cells were grown in a minimal freshwater medium (18.7 mM NH 4 Cl, 0.8 mM MgSO 4 ⅐ 7H 2 O, 0.7 mM CaCl 2 ⅐ 2H 2 O, 0.3 mM K 2 HPO 4 ) supplemented with trace minerals and vitamins (10) . The marine strains (JV-1 and PV-1) were grown in an artificial seawater medium (9) ; all of the other conditions were the same. The medium was amended with 5 or 10 mM NaHCO 3 to buffer the pH and to provide an inorganic carbon source for the putatively lithotrophic Fe(II) oxidizers.
Each bioreactor was inoculated with a 1 to 2% inoculum of either (i) Chemical and microbiological analyses. Dissolved Fe(II) concentrations were measured spectrophotometrically at 562 nm after an aliquot of a filtered (pore size, 0.22 m) sample from a bioreactor was added to 0.1% ferrozine in 50 mM HEPES buffer (20) . The total Fe concentrations [including the concentrations of dissolved Fe(II), particulate Fe(III) oxides, and Fe(II) adsorbed to the oxides] were measured in unfiltered samples by using ferrozine after reduction of all iron to Fe(II) in a 0.25 M hydroxylamine hydrochloride solution in 0.25 M HCl that was incubated on a shaker table (150 rpm) for at least 2 h (11). The median standard deviation for duplicate FeCl 2 ⅐ 4H 2 O standards in the concentration range from 0 to 1,000 M was Ϯ2 M. Cell density was determined after duplicate 10-l samples were spread on agar-coated slides inscribed with 1-cmdiameter circles (fluorescent antibody slides; Gold Seal Products, Highland Park, Ill.) (9) . When these samples were dry, they were stained with 10 l of 250 M SYTO 13 (a nucleic acid-specific stain; Molecular Probes Inc., Eugene, Oreg.) and counted under epifluorescence conditions by using a 100ϫ objective lens on an Olympus BX 60 microscope. A minimum of 15 fields or 400 cells was counted per sample. To determine the protein content of strain BrT, it was grown to the late log phase in gradient tubes. The cells were concentrated by centrifugation, and the resulting cell pellet was treated with 0.5 M hydroxylamine-HCl for 30 min at 35°C to remove Fe(III). The low-melting-point agarose remaining with the cell pellet was removed by heating the cell suspension at 70°C for 20 min, immediately centrifuging it, and discarding the supernatant. The remaining cell pellet (approximately 25 l) was frozen (plunged in liquid N 2 ) and thawed (placed in a heating block at 70°C for 30 s) eight times to lyse the cells. The total protein content was then determined with a protein assay kit (Bio-Rad Laboratories, Hercules, Calif.) based on the Bradford method, with bovine gamma globulin as the protein standard.
Data analysis and calculations. Ferrous iron oxidation rates can potentially be influenced by pH, temperature, the concentrations of dissolved O 2 , Fe(II), and Fe(III), the Fe(II) supply rate, and the number of Fe(II)-oxidizing bacteria (19, 25, 31, 32, 33) . Furthermore, bacteria may influence Fe(II) oxidation kinetics directly by actively metabolizing Fe(II) or indirectly by either accelerating or inhibiting abiotic oxidation rates. Multiple linear regression models were used to determine the effects of these variables on Fe(II) oxidation rates (r) [expressed as micromolar Fe(II) oxidized per hour):
where m 1 to m n are slope coefficients for variables v 1 to v n (e.g., pH, [Fe] total , O 2 ) and b is the intercept of the regression. Data from all continuous-feeding experiments were pooled by treatment (Ͼ50 rate measurements per treatment) and used to calculate separate slope and intercept coefficients for bioreactors with live, killed, and no cells. Because coincident measurements of cell density and Fe(II) oxidation rates were available for only a small subset of all samples (n ϭ 9), cell density was not included in the stepwise multiple linear regression analysis. The final regression equations included only those variables that were significant in all three treatments (P Ͻ 0.05). The propagation of standard deviations for each slope coefficient and intercept produced error estimates for the calculated oxidation rates (26) . All regression analyses were conducted by using SAS v. 
RESULTS
Bioreactor operation and performance. Over the course of a bioreactor run, we systematically and independently varied the O 2 concentrations and Fe(II) addition rates so that the effects of these variables on Fe(II) oxidation rates could be determined. The dissolved oxygen levels were normally stable (e.g., the levels at Ͻ190 h in Fig. 1A) . However, when the O 2 setpoint or Fe(II) addition rate was changed, the O 2 concentrations were more variable (e.g., the concentrations at 191 to 192 h in Fig. 1A ) and required a lag period before they stabilized. To maintain dissolved Fe(II) concentrations in the range from approximately 50 to 150 M, the Fe(II) addition rate was manually adjusted after each sampling interval (Fig. 1B) . Periodically, the Fe(II) addition rates were systematically varied to provide a wide range of addition rates at similar O 2 and total Fe levels. Because Fe(II) oxidation rates were generally higher in bioreactors inoculated with live BrT cells (see below), these bioreactors usually required a higher Fe(II) addition rate to maintain the target Fe(II) concentration. As a result, the total Fe concentrations in paired bioreactors (i.e., bioreactors started on the same day) differed during the course of a bioreactor run. Despite variability in the Fe(II) addition rates and the concentrations of O 2 and total Fe, the dissolved Fe(II) concentrations for paired bioreactors were generally comparable [i.e., the range of Fe(II) concentrations for the bioreactors was Ͻ100 M] (Fig. 1C) .
Cell growth. Following inoculation of the bioreactors, the initial cell densities of BrT ranged from 4.8 ϫ 10 4 to 1.1 ϫ 10 6 cells ml Ϫ1 . During our initial experiments, when the bioreactors were stirred at an impeller rate of 300 rpm, cell growth was very poor. When the stirring rate was lowered to 150 rpm, the cells grew more consistently. Growth curves representative of successful bioreactor runs are shown in Fig. 2A . With FeCl 2 as an Fe(II) source, the doubling times ranged from approximately 17 to 33 h (mean, 25 h) ( Table 1 ). The maximum cell yields for BrT ranged from 9.8 ϫ 10 6 to 1.8 ϫ 10 7 cells ml Ϫ1 (Table 1 ). The average cell protein content was 1.3 ϫ 10 Ϫ14 g of protein cell Ϫ1 (or 1.2 ϫ 10 Ϫ14 g of C cell Ϫ1 , assuming that protein and carbon account for 55 and 50% of the dry cell biomass, respectively). There were no significant correlations between initial or maximum cell density and doubling times (P Ͼ 0.17). The doubling times for BrT were comparable to those for other strains of Fe(II) oxidizers grown in the bioreactors under similar conditions (data not shown). After the maximum cell density was reached, the sizes of the populations of BrT cells gradually declined until the termination of each experiment ( Fig. 2A) . On one occasion, the FeCl 2 supply to the bioreactor was shut off for approximately 3 days during the log growth phase. In the absence of an Fe(II) supply, BrT showed no growth (Fig. 2B) . Following the resumption of delivery of FeCl 2 to the bioreactor, the cell density increased from 3.2 ϫ 10 6 cells ml Ϫ1 to a maximum of 1.8 ϫ 10 7 cells ml Ϫ1 . The doubling time for growth after the Fe(II) supply was restored was approximately 30.5 h ( Table 1 ). The growth of another rhizosphere iron oxidizer (strain LD-1) and the growth of a marine hydrothermal vent strain (PV-1) also ceased when the Fe(II) supply to the bioreactor was stopped (data not shown). Strain PV-1 resumed growth when the FeCl 2 supply was restored, whereas LD-1 did not show additional cell growth.
Oxidation rates in pulse-feeding mode. Pulsed additions of FeCl 2 to the bioreactors raised final dissolved Fe(II) levels to 300 to 900 M. Regardless of the starting Fe(II) concentration, the rates of Fe(II) disappearance were linear down to ϳ100 M (typical r 2 , Ͼ0.95) (Fig. 3 ). The oxidation rates decreased below this level, suggesting that oxidation had become Fe(II) limited. Therefore, oxidation rates were calculated by using data points where the dissolved Fe(II) concentrations were more than 100 M. The measured oxidation rates in the bioreactors ranged from 26 to Ͼ1,000 M h Ϫ1 and were significantly described (r 2 Ͼ 0.82; P Ͻ 0.001) by the heterogeneous rate equation:
where k 1 is the homogeneous rate constant (time Ϫ1 ) and k 2 is the heterogeneous rate constant (molar Ϫ1 time Ϫ1 ). k 1 and k 2 were calculated as functions of [O 2 ] and pH using previously described equations (32) . Using these equations to calculate k 1 and k 2 (32) resulted in calculated oxidation rates that were ϳ60% of measured values, suggesting that the kinetics of iron oxidation in the bioreactors and the kinetics of iron oxidation in a strictly abiotic system are different. The Fe(II) disappearance rates at 0% O 2 saturation [an estimate of Fe(II) sorption to particles] were low in both pulse-and continuous-feeding modes (the average was 34 M h Ϫ1 for a range of [Fe] total ; n ϭ 9) and were positively and linearly correlated with [Fe] total (r 2 ϭ 0.87; P Ͻ 0.001) (data not shown).
To directly determine the fraction of total Fe(II) oxidation due to bacterial metabolism, consecutive Fe(II) pulses were added to a bioreactor. The bioreactor contained live cells when the first pulse was added. After the Fe(II) oxidation rate was measured, the cells were killed with sodium azide, and a second oxidation rate measurement was obtained. The difference in the rates represented the bacterial oxidation of Fe(II). As determined by this direct approach, bacterial oxidation accounted for 18 to 53% of the total Fe(II) oxidation (Table 2) . When sodium azide was added to abiotically formed oxides, the Fe(II) oxidation rate decreased by 6%, and there was no change in the rate for consecutive measurements obtained with live cells (i.e., no sodium azide added) (data not shown). The variability in the Fe(II) oxidation rates between dates was primarily due to large differences in [Fe] total in the bioreactors (e.g., Ͻ2 mM total Fe for the 20 February measurements versus 35 mM total Fe for the 9 May measurements). Dividing the bacterial oxidation rate (i.e., the difference between the rates before and after azide addition) by the cell population gave an average cell-specific Fe(II) oxidation rate of 4. [Fe] total were significant components (P Ͻ 0.05) that contributed to the variation in the Fe(II) oxidation rate for all three treatments (live, killed, no cells). When these parameters were used, the regression coefficients (r 2 ) for the Fe(II) oxidation rates ranged from 0.92 to 0.99 (Table 3) . Partial correlation analysis showed that within each treatment, more than 85% of the variance in the observed oxidation rates was due to the Fe(II) addition rate, whereas less than 3% was due to [O 2 ] or [Fe] total . Each of these variables was positively correlated with Fe(II) oxidation rates (Table 3). Other parameters, including [Fe(II)] and [H ϩ ], were significant in some, but not all, treatments and were therefore not included in the final regression models. As mentioned above, cell density was not included as a parameter in the regression analysis due to the low number of samples for which both Fe(II) oxidation rates and cell density were measured. The model residuals were most variable at low Fe(II) addition rates (less than ϳ50 M h Ϫ1 ) but did not indicate systematic over-or underestimation of Fe(II) oxidation rates.
Fe(II) oxidation rates were calculated for live-, killed-, and no-cell treatments by using equation 1, the regression parameters presented in (Fig. 4 and Table 4 ) and were generally comparable to those measured following the addition of Fe(II) pulses to the bioreactors (Table 2) . Because the multiple linear regression models are statistical models, they should not be used to extrapolate Fe(II) oxidation rates outside the range of the experimental conditions. For example, the models cannot forecast oxidation rates at O 2 concentrations that are Ͻ0.5 or Ͼ5% of air saturation.
The propagation of error terms in the regression models resulted in few significant differences between modeled oxida- addition. There was little difference in the modeled biotic oxidation rates over the range of O 2 saturation values. As indicated by the size of the error bars, most of the negative biotic oxidation rates in Fig. 4A are not significantly different from zero. When expressed as a percentage of total Fe(II) oxidation, biotic oxidation accounted for 1 to Ͼ60% of the total oxidation (median, 32%; n ϭ 20) (Table 4) . Under all conditions when the [Fe] total was low and when the [Fe] total was high with a high Fe(II) addition rate, the modeled oxidation rates for the killed-cell treatment were depressed compared with the rates for the no-cell treatment (ϳ20 to 40% depression at low [Fe] total ; Ͻ5% depression at high [Fe] total ), indicating that the dead bacterial cells inhibited abiotic oxidation under these conditions. In contrast, at a high [Fe] total and a low Fe(II) addition rate, the oxidation rate was higher (generally by Ͻ20%) for the killed-cell treatment than for the no-cell treatment. As was the case for biotic oxidation, the degree of O 2 saturation did not influence the effects of dead cells on abiotic Fe(II) oxidation (Fig. 4B) . The net result of the microbial metabolism of Fe(II) and the bacterial suppression of chemical Fe(II) oxidation rates was to (generally) increase total oxidation rates by up to 18% compared to the rates for the no-cell treatment (Fig. 4C) . The live Fe(II) oxidizers had a greater effect at lower [O 2 ]. Similarly, the net effect of the bacteria was greater when [Fe] total was 1 mM than when [Fe] total was 10 mM.
DISCUSSION

Contribution of bacterial metabolism to Fe(II) oxidation.
Two independent techniques (direct measurement and statistical modeling) provided evidence that strain BrT can significantly contribute to total Fe(II) oxidation rates under circumneutral conditions. As previously mentioned, bioreactors are unable to duplicate the complexity of the rhizosphere so caution must be used when the results are extrapolated to the natural environment. Measurements of Fe(II) oxidation rates in a bioreactor with live cells, followed by azide addition and a subsequent rate measurement with the killed cells, provided direct evidence that this rhizosphere Fe(II) oxidizer can account for 18 to Ͼ50% of the total iron oxidation under circumneutral conditions (Table 2) . Because there was only a small (6%) change in the oxidation rate for consecutive measurements with live cells and no change following the addition of azide to abiotic Fe(III) oxides with no cells, the large decrease in the rate following azide addition to live cells was not due to measurement variability or to azide effects on abiotic oxidation rates. A comparison of the modeled oxidation rates for the live-and killed-cell treatments provided a second method of estimating the bacterial contribution to total Fe oxidation. When this approach was used, biotic oxidation accounted for 32 to 62% of the total oxidation at a low [Fe] total (1 mM) and up to 19% of the total oxidation at a high [Fe] total (10 mM) ( Table 4 ). The bacterial contribution was lower at the high [Fe] total due to increased autocatalytic oxidation (see equation 2) and therefore greater competition for a limited Fe(II) supply. Together, these independent calculations indicate that strain BrT can mediate 20 to 50% of the total Fe(II) oxidation under circumneutral conditions.
The biotic fraction of total Fe(II) oxidation calculated in this study for strain BrT is at the low end of values reported previously for other circumneutral lithotrophic Fe(II) oxidizers. For example, Emerson and Revsbech (12) reported that addition of sodium azide to samples taken from a microbial mat at an iron seep depressed Fe(II) oxidation rates by 39%, whereas a comparison of Fe(II) oxidation rates in viable and pasteurized mat material indicated that microbial oxidation could account for 45 to 80% of the total oxidation. By comparing the Fe(III) deposition in a gradient system and that in a diffusion microprobe, Sobolev and Roden (28) calculated that a neutrophilic iron oxidizer from the sediments of a freshwater wetland was responsible for nearly 90% of the total Fe(III) oxide generated. As discussed below, the organism used in this study did not appear to show optimal growth in the bioreactors so the bacterial contribution to total Fe(II) oxidation reported here may underestimate the significance of this organism in the environment. In stark contrast to our findings and those cited above, van Bodegom et al. (35) reported that microbial Fe(II) oxidation was insignificant in soil from a rice paddy. However, the experimental manipulations of these authors, including the use of air-dried soil and shaking of soil slurries, may have preferentially favored abiotic Fe(II) oxidation and consequently underestimated the significance of microaerophilic Fe(II) oxidizers.
Cell growth. Strain BrT is an obligate lithotroph that is phylogenetically related to other Fe(II) oxidizers (10, 13; Weiss, unpublished data) and does not grow in the absence of an Fe(II) source. Under microaerophilic, circumneutral conditions in a bioreactor, strain BrT grew slowly, with doubling times of 16 to 33 h. These doubling times are ϳ1.5 to 2 times longer than those measured for BrT growth in gel-stabilized gradient tubes (15 to 20 h) (Weiss, unpublished data) and are 2 to 4 times longer than those measured for the phylogenetically similar strains ES-1 and ES-2 (8 to 12.5 h) (10) . Furthermore, the maximum cell densities in the bioreactor were approximately one-half of those in gradient tubes (Weiss, (27) . The combination of longer doubling times and lower maximum cell densities in the bioreactors than in gradient systems suggests that a well-mixed bioreactor was not the optimal system for an organism that typically grows in a diffusive boundary zone. One possible explanation is that the organism cannot deal with the stresses associated with a rapidly stirred system. A second hypothesis is that the Fe(II) oxidizers become Fe(II) limited in a bioreactor due to autocatalysis by Fe(III) oxides. In contrast, Fe(II) oxidizers in an attached flowthrough or gradient system may be able to position themselves so that cellular contact with Fe(II) is maximized while exposure of Fe(III) oxides to the flux of Fe(II) is minimized. Regardless of the mechanism, the microbial Fe(II) oxidation rates reported for strain BrT in this study may underestimate the actual rates in the more stable, diffusively driven rhizosphere.
Bacterial effects on abiotic Fe(II) oxidation. Based on a comparison of the modeled oxidation rates for the killed-cell and no-cell treatments (Fig 4B) , it appears that strain BrT inhibits abiotic iron oxidation. This effect is distinct from competition for Fe(II) or O 2 between live cells and abiotic oxides as the inhibition was observed after the cells were killed. One hypothesis is that exopolymers or other organic extracellular molecules produced by the bacteria bind dissolved Fe(II) and make it less available for chemical oxidation. Theis and Singer (33) proposed that organic matter could affect chemical Fe(II) oxidation rates by binding to free Fe(II). Depending on the stability constant of the Fe(II)-organic matter complex (33), the concentrations of organic matter, O 2 , and Fe(II) (19) , and the nature of the organic matter (24, 30, 33) , organic matter can either inhibit, accelerate, or have no effect on abiotic Fe(II) oxidation. For example, the inhibition of chemical oxidation rates by bacterial exopolysaccharides was also proposed as a mechanism to explain higher rates of Fe plaque (oxide) formation on axenic rice (Oryza sativa) roots than on nonaxenic rice roots (18) . Strain BrT does produce an extracellular organic matrix (J. V. Weiss, personal communication), but this matrix has not been characterized yet. An organic matrix has been reported for the phylogenetically similar strains ES-1 and ES-2 (10), and it has been proposed that this matrix may prevent the cells from becoming entrapped in the insoluble Fe(III) oxides that result from their metabolism. Furthermore, Sobolev and Roden (28) have suggested that another circumneutral Fe(II) oxidizer (strain TW2) produces organic compounds that maintain Fe(III) in a soluble or colloidal state. We amend these proposals and suggest that exopolymer matrices can temporarily bind Fe(II), thus making it less available for chemical oxidation. This may be an additional evolutionary strategy developed by the organisms in order to compete with rapid rates of abiotic Fe(II) oxidation in circumneutral environments.
Abiotic effects on total Fe(II) oxidation. In dynamic systems, such as the continuously fed bioreactors and the natural environment, the instantaneous Fe(II) concentration is actually the net result of Fe(II) delivery and removal by oxidation and does not accurately reflect the total Fe(II) available for oxidation. Instead of using existing models (e.g., equation 2) (31, 32) (Fig. 1C) , suggests that the bioreactors were highly Fe(II) limited. Even at high Fe(II) addition rates (Ͼ600 M h Ϫ1 ), 89% Ϯ 4% (average Ϯ standard deviation; n ϭ 6) of the added Fe(II) was oxidized over the time scale of the measurement (ϳ30 to 60 min). The growth of the Fe(II) oxidizers indicates that the bacteria successfully competed with abiotic oxidation for Fe(II), despite the Fe(II) limitation in the bioreactor. This observation raises the important point that Fe(II) limitation of total system oxidation does not necessarily signify Fe(II) limitation of microbial Fe(II) oxidation.
Environmental relevance. The growth conditions and input parameters for the statistical models, including pH, [O 2 ], and Fe(II) addition rates, approximate conditions observed in the rhizosphere in a range of field and lab studies. The relatively low oxygen concentrations used in this study (0.5 to 3% of air saturation or ϳ2 to 9 M) fall within the reported range of O 2 concentrations in the rhizosphere (0 to 150 M) (reference 34 and references therein) and are consistent with reports that circumneutral lithotrophic Fe(II) oxidizers prefer microaerophilic conditions (10, 28) . The pH used in this study (pH 6.5 Ϯ 0.1) is at the upper range of porewater pH values (pH 3.7 to 6.8) in 13 wetland and aquatic environments where lithotrophic Fe(II) oxidizers were identified (Weiss et al., submitted). As a first approximation of Fe(II) delivery rates in a natural wetland, we used a dissolved Fe(II) profile from a J. effusus (soft rush)-dominated wetland in the southeastern United States (23) . Using Fick's first law of diffusion, an Fe(II) diffusion coefficient of 0.7 cm 2 day Ϫ1 , and an Fe(II) concentration gradient of 0.46 mol cm Ϫ4 (at depths of ϳ16 to 26 cm) (23), we estimated an Fe(II) flux into the rhizosphere of 0.32 mol of Fe(II) cm Ϫ2 day Ϫ1 . Assuming that Fe(II) oxidation occurs within 0.25 to 1 mm of an oxic-anoxic boundary (e.g., the root-sediment interface), this vertical flux is equivalent to a volumetric flux of 134 to 537 M h Ϫ1 . This range overlaps the Fe(II) addition rates (100 to 600 M h Ϫ1 ) used as input terms in our statistical model. Low Fe(II) concentrations in the root zone in natural wetlands and experimental cores (2, 23; Weiss, unpublished data) indicate that Fe(II) oxidation is tightly coupled to the delivery of Fe(II) to the root surface via local reduction of Fe(III) oxides or diffusion from outside the root zone and suggest that the Fe(II)-limited conditions in a bioreactor may be representative of the natural environment.
Although other researchers have suggested that iron bacteria enhance abiotic Fe oxidation by serving as surfaces that promote abiotic oxidation (29) 
